INTRODUCTION
The ANDRILL Southern McMurdo Sound (SMS) project (Harwood et al., 2008 (Harwood et al., -2009 ) is the last one of several scientifi c Antarctic drilling projects (DSDP, DVDP, MSSTS-CIROS, CRP; Hambrey et al., 2002 , and references therein; AND-1B, Naish et al., 2007 ) that recovered signifi cant sections of the latest Eocene to Pleistocene sedimentary succession deposited in the Victoria Land Basin (Cooper and Davey, 1985) , a structural half-graben, ~350 km long, bounded on its western side by the Transantarctic Mountains (TAM) front (Barrett, 1979; Wilson, 1999 ; Fig. 1 ).
The ANDRILL SMS project drilled the AND-2A drill hole from a site located in the southern part of McMurdo Sound, ~30 km west of McMurdo Station (77°45.488′S; 165°16.613′E) near the termination of Koettlitz and Blue glaciers ( Fig. 1) . Regional seismic-refl ection surveys show that the penetrated succession is composed of a series of clinoform sets produced by uplift and erosion as a result of renewed rifting of the Terror Rift (Fielding et al., 2008) . Accommodation for sediment was produced through fault-and fl exure-related subsidence associated with rifting. The active rifting and passive thermal subsidence during the early and middle Miocene produced the accommodation for the accumulation of this Neogene succession (Fielding et al., 2008) .
With a recovery of ~98%, the AND-2A core recovered an almost 1140-m-long succession including a thick and fairly continuous lower to middle Miocene lower part (~1140-225 mbsf [meters below sea fl oor]) and an upper part (above 225 mbsf), ranging in age from late Miocene to Pleistocene, which is punctuated by several disconformities, not clearly defi ned yet but with an accumulative loss of 7-8 m.y. (Harwood et al., 2008 (Harwood et al., -2009 Acton et al., 2008 Acton et al., -2009 with modifi cations as in ANDRILL SMS Science Team, 2010) (Fig. 2) . The succession includes several intervals of massive and stratifi ed sandy diamictites (lithofacies 8 and 7, respectively, as defi ned by Fielding et al., 2008 Fielding et al., -2009 , with variable local internal deformation, fossil content and bioturbation, and mainly interpreted as glaciomarine sediments that accumulated at varying proximity to grounded ice, but almost always at some distance. However, evidences of few and short-lived grounding events are documented above 225 mbsf and below 650 mbsf (Passchier et al., 2010) . Other common lithologies include sandstones (lithofacies 5), interstratifi ed siltstone and sandstone (lithofacies 3), siltstone to very fi ne-grained sandstone (lithofacies 2), and interbedded conglomerate and sandstone (lithofacies 9).
The AND-2A core represents the fi rst thick Miocene section recovered from an ice-proximal setting, and it provides a unique physical record for reconstructing the Antarctic paleoclimatic evolution and the behavior of its ice sheets during the critical climatic events of the late Cenozoic. As demonstrated by several studies in other Victoria Land Basin cored sedimentary sections (e.g., Talarico and Sandroni, 2009 ) and in glacigenic successions of the Antarctic continental margin elsewhere (e.g., Reinardy et al., 2009) , compositional and distribution patterns of gravel fraction throughout the AND-2A core play a key role in the identifi cation of potential provenance regions and reconstruction of ice-fl ow patterns. Moreover, distribution patterns and textural analysis of the gravel fraction provide relevant additional information to sedimentological models for subglacial and glacial-marine L e g 1 1 9 L e g 1 1 9 L e g 1 1 9
A N T A R C T IC depositional settings and processes (e.g., Cowan et al., 2008; Reinardy et al., 2009) . In this paper, we especially concentrate on the provenance history recorded in the clastrich diamictite units and, subordinately, in other fi ner-grained lithofacies, and use the detailed petrographical and mineralogical characteristics of a distinctive group of metamorphic clasts (i.e., Ca-amphibole-bearing metasedimentary and metaigneous rocks) to track provenance changes documented in the Miocene to Pliocene AND-2A core section (between 150 and 1140 mbsf). The results are signifi cant for their implications for the glacial evolution recorded in the Ross Embayment during Miocene time, which, as indicated by proxy records, includes several events of paleoenvironmental changes, such as the mid-Miocene climatic optimum (ca. 17-14 Ma; Billups and Schrag, 2002; Holbourn et al., 2007; You et al., 2009 ) and the Mi1a and Mi1b glaciations (Miller et al., 1996) . (Kyle, 1981 (Kyle, , 1990 . In contrast, the Transantarctic Mountains to the west and southwest are composed primarily of late Proterozoic-Cambrian metamorphic rocks (Koettlitz and Skelton Groups, Gunn and Warren, 1962; Findlay et al., 1984; Craw, 2001, 2002; Horney Formation, Borg et al., 1987) and Cambrian-Ordovician granitoids of the Granite Harbour Intrusive Complex (Gunn and Warren, 1962) . In the westernmost part of the Transantarctic Mountains, this basement is unconformably overlain by sedimentary rocks, mainly nonmarine sandstones, quartzites, and siltstones of the Devonian to Triassic Beacon Supergroup (Barrett, 1991) . In the Jurassic, sills of the Ferrar Dolerite intruded basement and sedimentary cover contemporaneously with their extrusive equivalent, the Kirkpatrick Basalt (Elliot, 1992; Elliot et al., 1995) .
P E N A N T A R C T IC P E N
In the region comprised between Byrd and Ferrar glaciers, the crystalline basement consists of a variety of lithologies with prominent changes of both metamorphic grade and granitoid fabrics throughout the region (Stump, 1995; Goodge, 2007; Talarico and Sandroni, 2009 and references therein for a detailed description of the most abundant basement lithologies) (Fig. 1) . In the Royal Society Range, basement rocks comprise mainly upper amphibolite-grade metasediments and orthogneisses (Koettlitz Group, Findlay et al., 1984) , variably deformed granodiorites of the Bonney Pluton (Cox, 1993) , minor mafi c intrusions and alkaline intrusives (Cooper et al., 1997) .
The Mulock-Skelton glacier region is characterized by lower greenschist-to lower amphibolite-facies metasediments of the Skelton Group (Gunn and Warren, 1962; Cook and Craw, 2001) and minor, mainly alkaline type, quartz syenites, and granites (Rowell et al., 1993) , including biotite ± hornblende porphyritic varieties (e.g., Teall Island, Mulock Glacier area; Cottle and Cooper, 2006; Carosi et al., 2007) .
Farther south, between Darwin Glacier and Byrd Glacier, medium-to high-grade metasediments (banded gneisses, schists with Ca-silicate layers, migmatites, and minor amphibolite and marbles) and variably deformed (foliated to mylonitic) granitoids are common in the Horney Formation (Carosi et al., 2007) . Low-grade metasediments, including extensive exposures of metalimestone and metaconglomerates (Craddock, 1970; Goodge et al., 2004) , are the dominant lithologies south of Byrd Glacier (Fig. 1) .
MATERIALS AND METHODS
In the AND-2A core, a total number of 103,759 clasts ranging in size from boulder to granule class (>2 mm) were counted and, for each clast, information such as occurrence depth, lithology, 2-D dimensions, and shape were logged on the cut surface of the workinghalf core (Panter et al., 2008 (Panter et al., -2009 . A preliminary clast sample collection conducted while on the ice was later enlarged by a more extensive sampling at the Antarctic Marine Geology Research Facility (Florida State University, Tallahassee, U.S.A.), where the AND-2A core boxes are stored.
Petrographical analyses by means of polarized-light microscopy of 530 basement clast samples, distributed throughout the whole AND-2A core interval, allowed the identifi cation and selection of 19 samples, all characterized by Ca-amphibole-bearing mineral assemblages.
Provenance inferences were based on detailed petrographical comparisons of investigated clasts with petrographically similar lithologies sampled in 45 localities in the crystalline basement exposed between Byrd and Ferrar glaciers. The used rock sample collection consists of over 600 samples (comprehensive of both metamorphic and intrusive basement rocks) and thin sections stored at the Italian Antarctic National Museum-Earth Science section in Siena.
A selection of ten samples from outcrops, representative of the most widespread Caamphibole-bearing metamorphic rocks, and the 19 clast samples were analyzed for their microstructures and mineral compositions using an X-ray energy-dispersive system (EDAX-DX4) attached to a scanning electron microscope (Philips XL30) at the Dipartimento di Scienze della Terra of Siena (Italy). Analytical conditions were 20 kV of accelerating voltage, 25 µA of emission current, and a beam spot size of 0.2 µm. Natural minerals were used as standards. In each sample, at least 20 analytical spots from at least four crystals were collected for each mineral. Representative core and rim compositions are listed in Table 3 and the Supplemental Table  1 .
Amphiboles were classifi ed following the nomenclature by Leake et al. (1997) ; mineral analyses were normalized to 23 oxygens and sum (T1 + T2 + M1 + M2 + M3) = 13 as detailed by Triboulet (1992) , with Fe 3+ estimated as maximum according to Papike et al. (1974) .
RESULTS
The AND-2A Amphibole-Bearing Metamorphic Clasts: Distribution and Sedimentological Features of the Host Core Intervals Clast logging and sampling revealed the occurrence of 19 core sections with one or several amphibole-bearing metamorphic clasts, ranging in size from small pebbles to cobbles, and angular to well rounded in shape.
Nineteen samples, one from each core interval characterized by a single homogeneous lithofacies, were selected in this study, the only exception being core interval between 756.19 and 774.94 mbsf where two samples were considered (Fig. 2) . The studied clasts are listed in Table 1 , together with detailed information concerning their morphological features (dimension and shape), and associated clast assemblages (including clast dimension and shape data) in the core sections corresponding to the specifi c host lithofacies intervals with top and bottom boundaries as defi ned by Fielding et al. (2008 Fielding et al. ( -2009 .
Ca-amphibole-bearing metamorphic clasts are scattered throughout most of the AND-2A core between 166.20 and 1122.22 mbsf, spanning in age from Pliocene-late Miocene (>4.5 Ma, <7-8 Ma) to Early Miocene (ca. 20 Ma) ( Table 1) .
The size of the analyzed clast samples ranges from 2 to 12 cm (longest axis visible on the cut surface of the working-half core). The degree of roundness is variable, from angular to well rounded, with no evidence of relation between lithology and degree of rounding. Host lithologies include dominant sandy diamictite and minor conglomerates, sandstones, and mudstones. The diamictites occur as units of variable thickness (~1.5-27 m) and, mainly in the core sections above 225 mbsf and below 650 mbsf, they show variable evidence of internal deformation interpreted as indicating subglacial depositional settings (Fielding et al., 2008 (Fielding et al., -2009 Passchier et al., 2010;  Table 1 ).
Mineralogical Features of AmphiboleBearing Metamorphic Clasts and Associated Clasts
In the AND-2A core gravel fraction, Caamphibole-bearing metamorphic mineral assemblages occur in a wide range of lithologies including both low-grade metasediments (e.g., metasandstones) and medium-grade rock types (schists, amphibolites, and paragneisses and orthogneisses). Mineral assemblages (type of mineralogical phase and its modal content and composition) and fabric (grain size and type of foliation) show several variations, which consistently refl ect the variable metamorphic grade and bulk rock composition (Table 2) . Quartz, Ca-amphibole, and plagioclase are commonly accompanied by biotite and K-feldspar. Clinopyroxene is restricted to four samples including a metasandstone, a schist, an orthogneiss, and a Ca-silicate granofels, where the Mg-richest compositions occur. Titanite and opaque minerals are common accessory minerals. Clinozoisite and/or epidote and calcite are rare secondary minerals.
Metasandstones are heterogranular, very fi ne to fi ne grained, interlobate granoblastic to granolepidoblastic in texture, with quartzite lithics and detrital mineral grains including subangular quartz and plagioclase. Ca-amphibole poikiloblasts defi ne a spotted texture, most likely as the result of a thermometamorphic overprint (Fig. 3) .
Schists are heterogranular, very fi ne to fi ne grained, nematogranoblastic, with isoriented amphibole idioblasts (tremolite to green hornblende in composition) and interlobate to subpolygonal plagioclase and quartz; a compositional layering is commonly present.
Paragneisses are heterogranular, fi ne to medium grained, from interlobate and/or subpolygonal granoblastic to granonematoblastic in texture (Fig. 3) , and they are sometimes characterized by compositional layering.
Orthogneisses are heterogranular, fi ne to medium grained, syenogranitic to tonalitic in composition, with porphyroclastic to mylonitic textures (Fig. 3 ). The clinopyroxene-bearing variety shows tonalitic composition and is characterized by relict clinopyroxene porphyroclasts and rare green hornblende associated with biotite within the matrix.
Amphibolites are heterogranular, fi ne grained, nematoblastic, or decussate in texture (Fig. 3) . Ca-silicate granofels are heterogranular, very fi ne to fi ne grained rocks showing interlobate to subpolygonal granoblastic textures (Fig. 3) .
The investigated Ca-amphibole-bearing metamorphic clasts are a minor component of the lithologically varied clast assemblages, which, as reported in Table 1 , can be conveniently described in terms of seven main lithological groups, including intrusive, metamorphic, sedimentary, and volcanic rocks, dolerites, quartz (likely derived from intrusive rocks), and intraclasts (coarse sandstones, diamictites, conglomerates, and minor siltstones; Panter et al., 2008 Panter et al., -2009 ).
In the 19 investigated intervals, the intrusive rock clasts comprise granule to pebble of dominant monzogranites and granodiorites (undeformed to foliated in texture), diorites, gabbros, and tonalites (undeformed to foliated in texture) with minor occurrences of syenogranites, felsic porphyries, and aplites. The metamorphic rocks range in size from granule to cobble and include orthogneisses and paragneisses, granofels, marbles, schists, quartzites, a large variety of lowgrade metasediments, and minor metarhyolites, metatonalites, metadiorites, and amphibolites. The sedimentary rocks range in size from granules to pebbles sourced from the Beacon Supergroup (arkose, lithic arkose, and arkosic litharenite; quartz arenite; subarkose) or unknown sources (hybrid and/or mixed arenite, biomicrite and/or wackestone; Cornamusini, 2010) . The dolerites include coarse-to fi ne-grained varieties and show the largest range in the clast size, occurring as granules to cobbles. The volcanic rocks are represented by granule-to cobble-size clasts of lavas ranging from mafi c, intermediate to felsic compositions, and from aphanitic to porphyritic and nonvesicular to vesicular in textures (for further details, see Panter et al., 2008 Panter et al., -2009 Di Vincenzo et al., 2010) .
The occurrence of primary volcanic products, such as pumice and lapilli, was reported at several depths in the investigated core sections (Panter et al., 2008 (Panter et al., -2009 Di Vincenzo et al., 2010) . This clast component was not considered in data analysis; nevertheless, counts of the smaller volcanic clasts could also include some primary volcanic products.
Comparison of clast compositions in the most represented, clast-rich, and lithologically similar core sections (i.e., stratifi ed diamictites) throughout the investigated record indicate prominent differences between diamictite intervals above 774 mbsf (characterized by more abundant and varied basement clast assemblages, and high amounts of Beacon Sandstone and Ferrar Dolerite) and those below 981 mbsf, which show high amounts (60%-95%) of volcanic clasts. The volcanic component is also very important in mudstone-dominated intervals (i.e., 846-872 mbsf) whereas sandstone-rich intervals show variable clast compositions with basement clasts ranging between 25% and 75%.
Comparison with Potential Source Rock Units and Provenance Implications
Preliminary petrographical investigations (Panter et al., 2008 (Panter et al., -2009 ) followed by more detailed petrographical analyses on ~530 clast samples evenly distributed throughout Note: Clast composition after Sandroni and Talarico (2011) . Lithofacies and clast dimension and shape after Fielding et al. (2008-09) . *Lithofacies numbers as defi ned by Fielding et al. (2008 Fielding et al. ( -2009 ). Age after Acton et al. (2008 Acton et al. ( -2009 
18-12-03F22B 77°52'49" 163°55'37" the AND-2A core (Zattin et al., 2010; Sandroni and Talarico, 2011) , provided evidence of a number of diagnostic lithologies that closely match the lithological variability of the crystalline basement in South Victoria Land and strongly support a provenance from the region between the present-day Blue-Koettlitz and Mulock glaciers (Fig. 1) . The mineralogical and microstructural features of investigated AND-2A Ca-amphibolebearing metamorphic clasts generally show signifi cant similarities with compositionally comparable lithologies from outcrops located in the main exposure areas of the South Victoria Land basement. Table 2 includes ten samples that are part of a collection of over 600 samples collected from 65 localities and that are representative of three regions with partly different metamorphic and lithological features (Royal Society Range, Skelton-Mulock glacier area, and Britannia Range; Fig. 1 ). The close mineralogical similarities are generally accompanied by striking microstructural (Fig. 3) and compositional analogies as indicated by the good fi t of most Ca-amphibole compositions in the clasts (including the commonly present slight intracrystalline zoning; see the Supplemental Table  [ see footnote 1]) within the compositional fi elds defi ned by representative samples from the outcrops (Fig. 4) .
In Britannia Range samples (and in petrographically similar clasts from the AND-2A core), Ca-amphibole displays sometimes a slight zonation with pargasite, tschermakite, or Mg-hornblende in cores and Fe-tschermakite or Fe-pargasite in rims. In contrast, samples from the Royal Society Range and those from the adjacent Skelton-Mulock glacier area (and the petrographically similar AND-2A clasts) show weak zonations with Mg-hornblende in cores and Mg-hornblende with lower IV Al or actinolite or tremolite in rims. The composition of amphibole coexisting with plagioclase (Table 3 and the Supplemental  Table [see footnote 1] ) is a good tool to semiquantitatively estimate P-T conditions attending the formation of these mineral assemblages. Actually, Si, Al, and Na distribution in amphibole structural sites depends on physical conditions during crystallization. While Si 4+ decreases, Ti, VI Al, and Na A increase with temperature (T), and IV Al and Na B rise with pressure (P) (Raase, 1974; Brown, 1977; Holland and Richardson, 1979; Spear, 1980) . The Ca-amphiboles in our samples can be compared with those reported by Zenk and Schulz (2004) plagioclases ranging in composition from oligoclase (typical of the biotite zone) to, more frequently, andesine and/or labradorite (garnet or kyanite zone).
Results of the application of the empirical Ca-amphibole geothermobarometry using the analytical expression given by Zenk and Schulz (2004) and Gerya et al. (1997) are listed in Table 3 and shown in Figure 5 . The two methods gave similar T results, whereas P values calculated with Zenk and Schulz's (2004) geobarometer are 1-1.5 kb higher than those obtained using the Gerya et al. (1997) barometer.
In most samples the variation ranges of estimated P-T values are within the absolute error ranges (±1.2 kb and ± 37 °C) of both geothermobarometric methods. However, all samples show a certain variability of P-T values with systematic trends refl ecting intracrystalline compositional variations of Ca-amphibole grains according, as described above, to two distinct zoning patterns. In samples from the Britannia Range and petrographically similar clasts, the highest P and T values (up to 7-8.8 kb, 660 °C) were obtained using the composition of Fe-tschermakite rims, whereas the minimum values (4.1-5.5 kb and 560-595 °C) are due to Mg-hornblende or edenite/Fe-edenite compositions preserved in core grains. In all other clasts and samples from outcrops (i.e., those from the Royal Society Range and Mulock-Skelton glacier area), maximum P and T values are given by core compositions, whereas rim compositions yield lower P-T values. The overall P-T estimates are signifi cantly lower (~2-4 kb, Gerya et al. (1997) T ( Note: Pressure (P)-temperature (T) estimates are based on the empirical Ca-amphibole geothermobarometry after Zenk and Schulz (2004) and Gerya et al. (1997) . Ca-amphibole compositional parameters (Si, Al, Fe3+) used in the calculations are number of cations normalized to 23 oxygens and sum (T1 + T2 + M1 + M2 + M3) = 13 as detailed by Triboulet (1992) , with Fe3+ estimated as maximum according to Papike et al. (1974) . Error ranges: T (±37 °C), P (±1.2 kb).
400-600 °C) than those estimated for the Britannia Range samples. In contrast, samples from the Royal Society Range and those from the adjacent Skelton-Mulock glacier area show perfectly overlapping P-T results. Nevertheless, published P-T estimates (Talarico et al., 2005; Craw, 2001, 2002 ) and the distinctly different fabrics of the samples from the two regions indicate signifi cantly different initial regional metamorphic conditions and variably developed contact-metamorphic effects (Fig. 6A) . In the Skelton-Mulock glacier area, investigated metasandstones show general petrographic features consistent with a low-grade regional metamorphic peak, but the microstructural features of Ca-amphibole (occurring as randomly oriented poikiloblasts) indicate its post-tectonic growth likely as the result of contact metamorphism under higher T conditions. According to the Ca-amphibole geothermobarometry, this contact-metamorphic event would have occurred at P <4 kb. Similar values are reported by Wynyard (2004) as emplacement depth of post-tectonic granitoids in the region.
In the Royal Society Range, the metamorphic pattern includes a wide region of high-grade conditions with more restricted areas of medium to low grade confi ned to the area including the upper Walcott and Radian glaciers (Fig. 6A) . As indicated by the investigated samples, the highgrade region also suffered lower-grade reequilibration and, as commonly observed in similar metamorphic terrains (Vernon, 1976; Miyashiro, 1994; Bucker and Frey, 1994; Vernon and Clarke, 2008) , the low-grade overprint may be often complete enough to erase early high-grade paragenesis and/or mineral compositions from the rock metamorphic record. Advanced to complete low-grade reequilibrations are generally more common in highly deformed rock volumes (i.e., from shear zones) and in pelitic and/or semipelitic bulk rock compositions. Such compositions are typical of most of the investigated clast samples.
INTERPRETATIONS AND DISCUSSION
The results of petrological investigations on Ca-amphibole-bearing metamorphic clasts provide evidence of three distinct provenance regions for the supply of these basement clasts to the AND-2A drill site area. All three regions are located in the Transantarctic Mountains segment comprised between Ferrar and Byrd glaciers, and include from N to S and at increasing distance from the AND-2A drill site: the Royal Society Range, the SkeltonMulock glacier area, and the Britannia Range (Figs. 1 and 6A ). Although the study demonstrates the value of the mineralogical features of the investigated clast assemblage as a useful provenance tool, a deeper analysis and discussion of the results need the consideration of a number of additional constraints refl ecting the observed variability in terms of clast shapes, host sedimentary lithofacies, overall clast compositions, and distribution in the host lithological unit (i.e., position at the base or top; Table 1 ). In the following sections, each clast group indicating the three distinct provenances will therefore be discussed taking into account these various aspects with consequent implications for the depositional settings and processes and for glacial reconstructions based on the AND-2A core record.
The Royal Society Range Provenance
Among the ten analyzed clast samples showing a Royal Society Range provenance signature, most are subrounded to well rounded and occur in several stratifi ed diamictite (lithofacies 7) intervals, 6-24 m thick, either near the base (e.g., 1048.30 mbsf) or more often in the uppermost part. Angular or subangular clasts mainly occur as lonestones in fi ne-grained and clastpoor lithofacies (e.g., lithofacies 5 and 2).
Down-core distribution of clast samples highlights a main concentration of these clasts below 1000 mbsf and, consistent with preliminary provenance inferences (Panter et al., 2008 (Panter et al., -2009 Correlative strata in CRP-1 (Florindo et al., 2005) include diamictites that are devoid of volcanic clasts and carry basement clast lithologies mirroring the local lithological range of the Mackay Glacier area (Talarico and Sandroni, 1998) . From this perspective, the regional evidence of local-ice lobes fl owing from W to E (Fig. 6B ), rather than with fl ow lines running N-S close to the Transantarctic Mountains front, would be more consistent with fl uctuations of East Antarctic Ice Sheet local outlet glaciers than with the presence of an ice sheet covering the entire Ross Embayment. Given its apparent timing, the AND-2A core section with a Royal Society Range provenance (~1050 mbsf to the hole bottom; ~20.1-20.2 ± 0.15 Ma as maximum; Acton et al., 2008 Acton et al., -2009 , with modifications reported by ANDRILL SMS Science Team, 2010; Di Vincenzo et al., 2010) may record the latter stages of the Mi1a glaciation (Miller et al., 1996) .
The Skelton-Mulock Glacier Provenance and Britannia Range Provenance
Analyzed samples indicative of provenances from the Skelton-Mulock glacier area and Britannia Range are scattered throughout the AND-2A core. Occurrences in the uppermost 225 m are represented by subrounded to well-rounded clasts that occur near the top of 2-to 10-m-thick massive or stratifi ed diamictites. Based on their petrological affi nity, the investigated clasts could indicate the deposition from ice sourced in the present-day region comprised between Skelton and Byrd glaciers. However a number of independent lines suggest that they are most likely reworked debris. First, they represent a very rare occurrence and are mixed with other more abundant basement clasts including several varieties of granitoids, which, based on petrographical data reported in Panter et al. (2008 Panter et al. ( -2009 and in Zattin et al. (2010) , closely match the lithological variability of the Royal Society Range. Second, high concentrations of intraclasts occur closely associated to the analyzed clast samples (within the 1-to 0.1-m-long host core sections). Third, the intraclasts commonly include clasts of diamictites with abundant volcanic lithics and small pebbles of metasandstones of a likely Skelton Glacier provenance (Panter et al., 2008 (Panter et al., -2009 . The combination of these various features corroborates the conclusion that provenance signatures deduced for the three clasts above 225 mbsf cannot provide valuable constraints to glacial reconstructions.
Due to the poorly constrained model age, the AND-2A core section above 225 mbsf can only be very approximately compared to other previous drill cores in the McMurdo Sound region.
Potentially correlative diamictites in AND-1B core indicate a provenance from the SkeltonMulock glacier area , leaving the possibility for ice sourced from the Royal Society Range during glacial maxima in the regional glacial scenario.
In contrast, the well-dated core section (below 225 mbsf; 20.2-14.2 Ma; Acton et al., 2008 Acton et al., -2009 , with modifi cations reported by the ANDRILL SMS Science Team, 2010; Di Vincenzo et al., 2010 ) offers a better opportunity to provide constraints to glacial scenarios. Investigated clasts in this core section comprise six samples, with variable shape and size (Table 1) . Skelton Glacier-sourced clasts, represented by angular lonestones hosted in sandstone (at 622.68 mbsf), can be interpreted as iceberg-rafted debris (IRD). The occurrence of pebbles of volcanic lavas in the same short (10 cm) core interval indicates that major calving processes should have been active mainly in the proto-Mount Morning area (or other volcanic centers underneath the Ross Ice Shelf), where both metamorphic and volcanic bedrock could have been potentially present at the time indicated by recovered sediments. The rounded cobble in thin conglomerate at 965.26 mbsf shows a similar association with abundant volcanics. In this case, the sedimentological interpretation of this lithofacies, indicating ice-proximal environments in the presence of meltwater (Fielding et al., 2008 (Fielding et al., -2009 , is consistent with reworking of pristine diamictites with Skelton Glacier-sourced debris that are documented in the underlying core interval (at ~975-995 mbsf).
The Britannia Range-sourced clasts occur as either angular and/or subangular small pebbles at the base of thin (1.5-4 m) stratifi ed diamictites, or as subrounded to rounded pebbles in a 19-m-thick unit of massive diamictites. The occurrence of angular clasts at the base of a diamictite unit is consistent with glacial processes occurring in more icedistal locations, beyond the maximum extent of glacier advance as described by Fielding et al. (2008 Fielding et al. ( -2009 . The association with volcanic pebbles and metamorphic rocks indicating mixed (Skelton Glacier and Royal Society Range) provenance requires a complex evolution in order to have the observed fi nal clast composition at the initial phase of deposition. Moreover, similarly to the core section above 225 mbsf, core sections hosting the two occurrences show mixed debris indicating both Skelton-Mulock glacier source and local sources (i.e., Royal Society Range and volcanic centers in the McMurdo Sound). Consequently, the meaning of the two Britannia Range occurrences remains obscure. The very small thickness of the hosting diamictites (1.5-4 m) appears to be more consistent with IRD than distal deposition related to a massive ice sheet sourced from areas as distant as the Britannia Range. If mixed assemblages could be explained as for the core section above 225 mbsf (i.e., primary Royal Society Range glacial activity and reworking of Skelton Glacier or Britannia Range debris), the preservation of angular shapes would indicate that some clasts could have escaped extensive abrasion during reworking.
In contrast, the two subrounded to rounded pebbles and the overall clast compositional features in the thick unit of massive diamictites at 756-775 mbsf can be explained in terms of a regional-scale ice-fl ow pattern refl ecting a most likely thicker ice sourced from Transantarctic Mountains outlet glaciers between Mulock and Byrd glaciers and with fl ow lines mainly N-S aligned parallel to the Transantarctic Mountains front (Fig. 6C ). This diamictite unit is part of a thick diamictite-dominated core section between 637 and 778 mbsf that consistently shows the same clast composition and dominant Skelton-Mulock glacier area provenance. Actually the two investigated clasts constitute a minor and nonpersistent component of the basement clast assemblages comprising granitoids and metamorphic rocks that are similar to the rock units exposed in the Skelton-Mulock glacier area (Zattin et al., 2010; Sandroni and Talarico, 2011 ). This core interval shows a prominent hiatus (ca. 1 Ma) at its base (Acton et al., 2008 (Acton et al., -2009 , with modifi cations reported by ANDRILL SMS Science Team, 2010), and, as interpreted by Passchier et al. (2010) , it would represent glacially-dominated depositional environments with periods of grounded ice, major ice growth to volumes larger than the present day, and only brief intervals of ice-free coasts. Interestingly, correlative diamictite sections in CRP-1 (Florindo et al., 2005) show a significant amount of volcanic clasts (Smellie, 1998) most likely sourced from the Mount Morning (Martin et al., 2010) , and clay fraction with peaks in smectite concentration that were interpreted by Ehrmann et al. (2005) as indicating the same southern provenance. In this context, the ice-fl ow pattern can be confi dently traced at a regional scale over the entire McMurdo Sound (including AND-2A and CRP-1 drill sites) with fl ow lines running very close and parallel to the Transantarctic Mountains front (Fig. 6C) . In light of the model age (ca.17.8 Ma at 778 mbsf and ca. 17.3 ± 0.14 Ma at 626 mbsf; Acton et al., 2008 Acton et al., -2009 , with modifi cations reported by the ANDRILL SMS Science Team, 2010; Di Vincenzo et al., 2010) , it is possible that this core section preserves evidence of the Mi1b glaciation (Miller et al., 1996) and a prominent decrease (up to 20 m) of the sea level (Kominz et al., 2008) .
CONCLUSIONS
(1) The gravel fraction in the AND-2A core contains a small group of Ca-amphibolebearing metamorphic small pebbles and cobbles (angular to well rounded in shape and occurring in different lithofacies) that are scattered throughout the early Miocene to Pliocene section. This clast lithology shows a rather wide range of Ca-amphibole compositions, type of Ca-amphibole intracrystalline zoning, mineral assemblages and fabrics refl ecting different bulk rocks and metamorphic conditions. The clasts have been compared with petrographically similar rock types from potential source areas in the crystalline basement exposed in the region between Ferrar and Byrd glaciers.
(2) In spite of the limited number of occurrences, the petrological study of the AND-2A Ca-amphibole metamorphic clasts reveals the key role of this lithology in the identifi cation of three distinct provenance areas of the present-day segment of the Transantarctic Mountains including the Koettlitz-Blue glacier area in the Royal Society Range, the MulockSkelton glacier area, and the Britannia Range. Ca-amphibole compositions and zonations also provide a tool to semiquantitatively estimate P-T conditions attending the formation of metamorphic mineral assemblages in both outcrop and clast sample parageneses. The results of the application of empirical Ca-amphibole geothermobarometry contribute new P and T estimates that are essential for a better understanding of the regional metamorphic patterns and the metamorphic evolution in the three provenance regions. In agreement with literature data, the new results provide further information supporting the coincidence of the three regions with distinct metamorphic terrains showing partly different metamorphic evolutions. Importantly, the data provide the fi rst evidence that intermediate-P medium-grade conditions are documented in the Britannia Range.
(3) Analysis of the down-core distribution of the investigated clasts and combinations of their provenance with clast shape, position in the host lithological units, nature of the main host lithofacies and composition of associated basement clasts provide insight into the depositional processes with a variety of settings from open marine with icebergs to distal, proximal, and subglacial.
(4) The study contributes further evidence that the AND-2A core records two distinct glacial scenarios refl ecting either fl uctuations with dominant fl ows from W to E of local (<100 km from the drill site) paleoglaciers in the Royal Society Range, or fl uctuations of ice grounded at the regional scale in the Ross Embayment with fl ow lines running N-S close to the Transatlantic Mountains front at times for more than 500 km during glacial maxima. Both scenarios further demonstrate the importance of the AND-2A core to reveal a hitherto unavailable, nearfi eld record of dynamic paleoenvironmental history during signifi cant steps in the Antarctic glacial evolution through the Miocene climatic events indicated by proxy records.
